Introduction
Tube spinning is an effective and stable method for manufacturing thin metal tubes, which are used as steel belts for precision conveyers, printing rollers in printers, elastic rolls in production lines for optical films and flexible solar panels and so forth. The thin tubes have some superior performances when they are installed in these devices. As the thermal capacity is low for the thin metal, the printing rollers made of thin metal would be heated within a few seconds. The high elasticity of thin metal would allow the printing rollers to deform in accordance with the shape of the printed objects, and would realize stable printing. Due to these advantages for the thinness of tubes, the demand for this thinness is increasing and getting stricter in recent years. However, with decrease of tube thickness, the more difficult the realization of precise forming becomes. The difficulty of manufacturing thin metal would increase with increase of tube diameter.
One of the appropriate manufacturing methods of thin tube would be spinning. In the literature, there are many research works on the effect of working conditions in tube spinning. 1) Rigorous study was conducted on the deformation behavior in spinning 2) and the defect development was also studied. 3) Formability and the effect of roller path and geometry was studied taking aluminum alloy as the raw material. 4, 5) Effect of attack angle on the build-up and bulge 6) and the influence of working parameters and microstructure on the quality of steel 7) are investigated. Some numerical approaches have been tried. 8, 9) The finite element method started to be applied for the analysis of tube spinning process 10) and for investigation of a correlation between feed rate and axial and angular velocities. 11) A new spinning method with heated rollers have been proposed. 12) However, there have been no effective spinning machines for manufacturing thin tubes with large diameters.
Thin tubes with a large diameter could be used as a casting mould for optical films and laminate films which protect IC cards. The diameter of the tube reached up to 250500 mm and the thickness must be decreased around 0.2 mm. The casting mould of Nickel tube itself has conventionally been manufactured by electrical casting. However, as the cast mould is used at temperature higher than 200°C, the life time of the mould is very short. Therefore, if stainless steel tube could be manufactured by tube spinning, the life time is expected to be enhanced significantly.
In the present research, a new machine has been developed in order to manufacture stainless steel tubes with a thin thickness of 0.2 mm, a very large diameter of 500 mm and length of 1500 mm. Firstly, deformation in tube spinning for a small diameter of 30 mm was examined using a conventional spinning machine for thin tubes with small diameters. The examined characteristics of deformation include the effect of initial thickness deviation and indentation on dimensional precision of formed tubes. Based on the examination in the conventional machine, a new tubespinning machine was developed and the conditions were determined.
Characteristics of Spinning Machine for Thin Tube
with Small Diameter 2.1 Spinning mechanism Figure 1 shows an experimental set-up which was used in the present research, whereby the initial tube is cupshaped. 13) This spinning method is categorized in forward spinning, in which rollers move toward the open end of the tube. The tube is capped over a mandrel, which rotates while forming. The clearance between the tube and the mandrel was set to be almost zero by pushing the cup-shaped tube over the mandrel, which has the same diameter as the nominal inside diameter of the tube. A set of three idle rollers was fed at a feed pitch per revolution f. The three rollers were placed with an interval p. As the interval p is much larger than feed pitch f, the tube was indented by the three rollers separately. Tension T is imposed on the open end of the tube. The tip profile of the roller is composed of an arc with radius r t , and inlet and outlet tapers determined by ¡ and ¢.
Specifications of the tube are shown in Table 1 . Stainless steel 304 was heat-treated at 1040°C for 7200 s for elimination of residual stress and enhancement of formability. A stressstrain diagram was obtained as an envelope curve of maximum tension stress in a tension test of the deformed tube. The initial tube was produced by turning in order to precisely control the initial thickness deviation "t 0 of 00.08 mm for thickness t 0 of 0.5 mm. Tool geometries and working conditions are shown in Tables 2 and 3 . As the mandrel length of 300 mm was so long, it was able to deflect flexibly due to spinning load. The tension stress · T , was imposed at a level around 250 MPa, which is calculated by dividing tension T on the flange by the area of the tube cross section after spinning. Indentation ¤ s was set by trial and error so that average thickness became 0.2 mm when "t 0 = 0 and · T = 250 MPa. Actual indentation ¤ a , which is illustrated in Fig. 1 should be different from set indentation ¤ s . The set indentation ¤ s , which reduced tube thickness from 0.5 to 0.2 mm, was defined as 0.3 mm. Based on this set indentation, other set indentations of 0.2 and 0.4 mm was set by just giving the same displacement on the rollers in tube radial direction.
Experimental result
In a previous research work, the authors had investigated the combination effect of initial thickness deviation and tension on the properties of deformed tube with small diameter. 14) In the present paper, the combination effect of initial thickness deviation and indentation was investigated. Figures 2 and 3 show the effect of indentation on deformation and twist in the experiment. The surface coordinates were measured by 22.5°pitch in the hoop direction and 10-mm pitch in the axial direction. The measured coordinates were resumed in Fig. 2 with imaginary twist lines which are initially straight before spinning. With increase of the set indentation, the tubes were certainly elongated, and the twist increased at the same time with regardless of initial thickness deviation as shown in Fig. 3 . In the experiment, as tubes with initial thickness deviation "t 0 = 0 and 0.04 mm ruptured during spinning at ¤ S = 0.4 mm, no data are plotted for these conditions. Figure 4 shows experimental results on thickness distribution after spinning for the initial thickness deviation "t 0 of 0.08 mm. Initially thick and thin parts are denoted by [A] and [B] , respectively. The thickness was measured by a micrometer. If the spinning machine components, including rollers and roller supporting members, are completely rigid, thickness deviation would be eliminated. However, it is confirmed that thick and thin parts remained as thick and thin parts. In the case that the set indentation ¤ S is 0.3 and 0.4 mm, thick and thin parts existed spirally according to the twist pattern in Fig. 2 . Figure 5 shows the effect of set indentation ¤ S on average thickness t a . With increase of the set indentation, the average thickness linearly decreased. The initial thickness deviation did not affect the average thickness. Figure 6 shows the effect of the set indentation on thickness deviation. The initial tubes denoted as ""t 0 = 0 mm" in the figure, which were machined for zero thickness deviation, Tube rotation number N/rpm 500
Lubrication Oil actually had a slight thickness deviation of 0.004 mm in average. With increase of the set indentation, the absolute value of the thickness deviation "t decreased. It would be noteworthy that the thickness deviation ratio "t/t was almost constant after spinning as shown in Fig. 6 (b). This phenomenon would be attributed to the existence of mandrel and the application of tension, which have the effect of straightening the deformed tube. As the tube diameter does not change significantly after spinning, most of the reduction in thickness would be converted to the elongation of tube due to volume constancy. If thickness deviation ratio "t/t changed during spinning, it means that thickness reduction ratio must vary in hoop direction, and it would lead to the variation of elongation and bending of the tube. However, as the bending of the tube is suppressed to a certain amount by the mandrel and the tension, the thickness deviation ratio "t/t is almost constant before and after spinning. Figure 7 shows experimental results on cylindricity. The contour levels mean the distance from cylindrical axis of the tube. If one portion of the tube has the higher level than other portions in axial direction, it means the portion is located at the extrados of the warpage arc of the tube. Although the tube seemed to be straight by visual judgment due to the application of the mandrel and tension, a slight bending was confirmed by the measurement. It would be noteworthy that the initially thin part [B] was located at the extrados of the warpage of tube. This tendency had been prominently observed when the tension was small in the authors' previous work. 14) With increase of the set indentation, the level of cylindricity increased. The level of cylindricity would be affected by the tube elongation in axis. In order to evaluate the warpage by eliminating the effect of the elongation, the average curvature was evaluated and the effect of set Development of a Tube-Spinning Machine for Thin Tubes with a Large Diameterindentation of the curvature was investigated as shown in Fig. 8 . The curvature was large when the set indentation was equal to or larger than 0.3 mm. The larger the initial thickness deviation, the larger the curvature became.
3. Numerical Examination of Spinning 3.1 Basic analysis supported by the finite element analysis As a result of experiment, the initial thickness distribution remains after spinning and it might be attributed to the existence of machine stiffness. Experimental results show that the initially thin part is positioned at the extrados of the warpage arc after spinning. The mechanism of these phenomena is beyond intuitive understanding.
In order to consider the mechanism of the initial thickness deviation on the thickness deviation and warpage after spinning, a numerical method had been developed. 14) The main assumptions are as follows:
(1) Thickness strain ¾ t distribution and contact area A are calculated based on geometric interference ² between roller and tube, which is illustrated in Fig. 1 . (2) Effective strain ¾ eq is equal to thickness strain ¾ t as
Roller load F i is calculated by integrating stress based on stressstrain relationship. 
Straightening effect by applying tension and using a mandrel is neglected. As the roller loads are calculated by simple assumptions, the load was modified by the finite element analysis (FEA). FEA was conducted on the local deformation at the tip of the roller. Elastic-plastic analysis was carried out using a commercial code ELFEN, 15) which was developed by Rockfield Software Limited, Swansea. Von Mises' yield criterion was adopted, and the normality principle was applied to the flow rule. Constraints were dealt with by the Δt 0 =0mm
Δt 0 =0.04mm
Δt 0 =0.08mm
Set Indentation, δ S /mm Thickness Deviation, Δt 0 =0.08mm penalty function method. A hexahedra element was used. An explicit scheme was adopted for the reduction of computation time. Coulomb friction rule was assumed and the coefficient of friction ® was chosen as 0.07 referring to an experimental result in cold-rolling of stainless steel with lubrication in the literature. 16) An example of the finite element analysis is shown in Fig. 9 . In the analysis, only the partial arc of the tube was resumed as a flat sheet metal, and the roller tip was also resumed partially as denoted by [C] and [D] in Fig. 9(a) . Much finer elements was able to be applied than in complete 3-dimentional analysis in literature.
911) The roller-tip surface tilts during its translational movement as shown in Fig. 9(b) . Every time the roller tip deformed the metal, the roller tip was fed along the roller axis. The roller load was evaluated at the 5th movement so that the load level might become stable.
There was a difference between loads calculated by basic analysis using eq. (2) and by FEA. The difference would be attributed to the effect of friction and constraints from the surrounding part which remains out of deformation, as Hayama pointed out.
2) The two results become the same by simple modification by multiplying the result of eq. (2) by 3.2. This modification was applied for the basic analysis in the reminder part.
Examination by basic analysis
Machine stiffness at the roller supporting part would be an important parameter, which determines the performance of spinning. If the machine stiffness works appropriately, the compliance would absorb the machine dimensional errors. In order to determine the machine stiffness k, comparison was made between experiment and basic analysis changing k in terms of the effect of set indentation ¤ s on thickness t. The result is shown in Fig. 10(a) . The experimental and numerical results are in good agreement when machine stiffness k was 12.8 kN·mm
¹1
. This value was used in the remainder part. Exp. the set indentation, the thickness deviation increased in the basic analysis modified by the FEA. There was a difference between analysis and experiment because the effect of mandrel and tension was neglected in the analysis. As the bending of the tube would have been suppressed by the mandrel and tension in the actual spinning in the experiment, the thickness deviation could not change due to the volumetric constancy. It is noteworthy that thick and thin parts remain as thick and thin respectively in the analysis, and the thickness deviation increased with increase of indentation. This means that the reduction in thickness in thin part is larger than that in thick part, and as a result, the thin part would be positioned at the extrados of the warpage arc of the deformed tube due. This tendency explains well the phenomena of the warpage deformation, which is shown in Fig. 7 . Although the basic analysis, which was modified the FEA on the roller load, showed a difference on the behaviour of thickness deviation, it qualitatively well explained the mechanism of warpage generation. Figure 11 shows a schematic illustration of the spinning machine for a large diameter of 500 mm, which had been under development. The basic composition of the machine is similar to that of the already-developed spinning machine for small diameters. Three rollers were positioned at every 120°s tep in the hoop direction of the tube. However, the mandrel could not be long due to the machine's height limitation. Therefore, the mandrel should be considered rigid rather than flexible, though it was very flexible in the machine for small diameters.
Stiffness in analysis

Development of Tube Spinning Machine for Large Diameter
Composition of machine and the result of the 1st trial
Based on the knowledge in the machine for small diameters, the condition for the 1st trial was determined as Tables 4, 5 and 6. The initial tubes had the diameter of 501 mm and thickness of 0.5 mm, and they were fabricated by welding rolled-stainless-steel sheet. It would be imperative to suppress the thickness of the rolled sheet as small as possible. The thickness deviation ratio would remain if the tube is kept straight by application of mandrel and high tension at the flange due to volumetric constancy. Although much higher machine stiffness may reduce the thickness deviation, it would lead to warpage or local wrinkle due to volumetric constancy. The thickness deviation was less than 0.015 mm for sheet metals by no-notice inspection.
The roller diameter of the machine was 220 mm, which was 2.2 times of that in the machine for small diameters. At the 1st trial, the roller tip radius was 2.03.0 mm just as used for small diameters. The target thickness after spinning was 0.3 mm, and roller feed f was 0.4 mm/rev. The rollers were set with the interval p of 1.5 mm in axial direction of the tube. At the 1st trial, wrinkles and rupture appeared.
Modification of spinning conditions by analysis
Wrinkle and rupture may be caused by uneven reduction in thickness. When the reduction in thickness varies in hoop direction, it seems to cause warpage occurrence for a small diameter due to volumetric constancy as observed in the experimental and numerical examination above. When the diameter D is too large against the thickness t, uneven reduction in thickness may cause the local wrinkle because high value of D/t would enhance flexural rigidity and suppress bending, and the uneven reduction in thickness should be absorbed by local wrinkle. Increase and accumulation of the wrinkle would lead to the rupture. Heat treatment 1040°C © 7200 s Table 5 Tool geometry for large-diameter spinning at the 1st trial.
Roller diameter D r /mm 220
Roller tip shape 1st 2nd 3rd
Tip radius r t /mm 2.0 2.0 3.0
Mandrel length L m /mm 2000 Table 6 Working condition for large-diameter spinning at the 1st trial.
Stretching stress for deformed thickness · T /MPa 166
Roller interval p/mm 1.5
Tube rotation number N/rpm 500 Lubrication Oil
Modification of spinning conditions was tried on roller interval p, roller feed f and roller tip radius r t from the point of view for realizing uniform reduction in thickness. Figure 12 shows the effect of roller interval p on the roller paths on the tube surface. When the roller interval p is 1.5 mm as in the 1st trial as shown in Fig. 12(a) , the paths of rollers, X, Y and A, makes a dense and sparse pattern in turn. The parts with the dense paths would have higher thickness reduction than other parts, and this would lead wrinkle. On the other hand, when the roller interval p is 0 mm as shown in Fig. 12(b) , the paths of rollers make a uniform pattern. Therefore, the roller interval was modified from 1.5 to 0 mm.
In order to examine the effect of roller feed f and roller tip radius r t , the basic analysis, which is shown in the previous section, was modified with setting the roller interval p = 0 mm. The flowchart is shown in Fig. 13 . The main difference was that as the mandrel diameter is large against its length, the mandrel is assumed to be rigid and the forces of three rollers are not the same.
In order to verify the result of FEA, which was used to modify the roller load, the calculated and experimental values were compared for verification. The results were shown in Fig. 14 . Both values were similar, though the experimental value had variation.
The stiffness of the roller supporting member is determined as shown in Fig. 15 by comparing with experimental results. Actual indentation increased with increase of set indentation. When the stiffness was 128 kN mm ¹1 , the calculation and experiment were in good agreement. The straightening effect of the mandrel and tension was also neglected just as in the basic analysis for small diameters. Figure 16 shows the analytical results on the effect of roller feed f on thickness deviation "t for the target thickness t of 0.3 mm assuming that the mandrel twirls with the error of 0.020 mm, and that the initial thickness deviation "t 0 is 0 mm. With increase of roller feed f, thickness deviation was predicted to decrease. It is because that with increase of roller feed, the contact area between the roller and the sheet metal Cal: Tip radius R t =3mm R t =2mm
Exp.
Actual Indentation, δ a / mm Roller Load, F / kN increased as shown in Fig. 16(b) . As the contact area increased, the roller load increased, which leads to the large deformation of the roller supporting members. As a result, the mandrel twirl error would be absorbed by the large deformation of the supporting members. Therefore, the roller feed was modified from 0.4 to 0.8 mm/rev. It should be noticed that too large a roller feed would lead to deterioration of surface integrity of the tube. Figure 17 shows the analytical results on the effect of roller tip radius r t on thickness deviation "t for the target thickness t of 0.3 mm, assuming that the mandrel twirls with the error of 0.020 mm, and that the initial thickness deviation "t 0 is 0 mm. With increase of the roller tip radius r t , thickness deviation was predicted to decrease. It is because that with increase of the roller tip radius r t , the contact area between the roller and the sheet metal increased as shown in Fig. 17(b) . As the contact area increased, the mandrel twirl error would be absorbed by the large deformation of the supporting members. Therefore, the roller tip radius r t was modified from 0.3 to 0.8 mm.
4.3 Precision of deformed tube with large diameter after modification of spinning conditions Spinning conditions were modified from the first trial, i.e., the roller interval p is modified from 1.5 to 0 mm, the roller feed f is from 0.4 to 0.8 mm/rev and the roller tip radius r t is from 0.3 to 0.8 mm. The tube was subjected to two times of spinning, with intermediate heat treatment at 1040°C between the two spinning. The tube was successfully deformed without wrinkle or rupture under the modified conditions by the developed spinning machine, and the precision was measured. The results are shown in Fig. 18 . The thickness was measured by 90°in the hoop direction and by 50 mm pitch in the axial direction. The thickness deviation "t was within 5 µm, which is only 2.5% to the average thickness. The deviation of perimeter L C , which is denoted in Fig. 11 , was less than 210 µm, which is only 0.007% to the average perimeter.
Conclusions
Firstly, deformation behaviour in tube spinning for a small diameter of 30 mm was examined using a conventional spinning machine for thin tubes with small diameters. The examined characteristics of deformation include the effect of initial thickness deviation and indentation on dimensional precision of formed tubes. In order to examine the characteristics, a basic analysis supported by FEA was developed. The analysis quantitatively explained the warpage behaviour, which derived from initial thickness deviation. Based on the examination in the conventional machine and the analysis, guidelines for spinning were shown and that included (i) suppression of initial thickness deviation in the parent tubes, (ii) usage of the roller interval of 0 mm, (iii) enlargement of roller feed in the axial direction and (iv) enlargement of the roller tip radius. Applying these guidelines, a new tubespinning machine was designed and the spinning conditions were determined, and the machine has successfully deformed parent tubes into thin tubes with a large diameter. Development of a Tube-Spinning Machine for Thin Tubes with a Large Diameter
